Abstract
INTRODUCTION
In patients born with congenital heart disease, relief of right ventricular outflow tract obstruction often results in the development of pulmonary regurgitation (PR) later in life. Although initially this may be well tolerated, long-standing PR eventually results in dilation of the right ventricle with reduced exercise tolerance and increased risk of arrhythmias and sudden death [1] . Timely replacement of the pulmonary valve can mitigate or even reverse progression of right ventricle dilation [2, 3] . However, the optimal timing and the best prosthesis for pulmonary valve replacement (PVR) remain unclear [4, 5] .
Older children and adolescents can often accommodate an adult-sized prosthesis greater than 19 mm in diameter in the pulmonary position. The commonest options include homografts (aortic or pulmonary), stented or stentless xenograft bioprosthesis, mechanical valves or bovine jugular conduits (Contegra V R ). Although all 4 have a comparable haemodynamic profile, each has unique advantages and disadvantages that influence selection. Historically, homografts have been the preferred choice for PVR. However, their biggest limitation is availability. Mechanical valves require anticoagulation with warfarin. The bovine jugular vein conduit (Contegra) is also available in diameters of 20 mm and 22 mm but is becoming increasingly difficult to obtain in these sizes in Brisbane.
Stented xenograft bioprosthetic valves are readily available, have comparable haemodynamics to homografts and do not need anticoagulation. Increased use of the bioprosthesis began in the late 1990s and was first adopted in Brisbane around 2005. Heart donor shortage, lack of availability of the appropriate size, extended indications for surgery, availability of good long-term performance data in the aortic position and introduction of percutaneous valve-in-valve technology contributed to the change in practice. However, data on long-term durability are conflicting, and some evidence is available suggesting an accelerated rate of degeneration in the younger population [6] [7] [8] .
To date, only limited direct comparative data exist between homografts and stented xenograft bioprosthetic valves in the pulmonary position and even less information on the performance of these valves in adolescents and young adults. As more information becomes available on the deleterious effects of PR on the right ventricle, there is a growing tendency to refer patients for valve implantation at an earlier age even in the absence of symptoms. This trend has been reflected internationally with an increasing number of adolescents being referred for PVR [9] .
We aimed to directly compare the long-term performance of pulmonary homografts and stented xenograft bioprosthetic valves in the pulmonary position in patients aged 10-20 years.
METHODS

Sample
All patients aged 10-20 years at the time of PVR between 1 January 1995 and 31 December 2015 were identified retrospectively from hospital databases. Patient data were collected from the only 2 congenital centres for the state of Queensland, both of which are located in Brisbane. Study patients had either a cryopreserved pulmonary homograft or a bovine or porcine pericardial bioprosthesis inserted in the pulmonary position. We have not implanted a mechanical valve in our unit since 2008, and they have been excluded from the study. Four patients received an aortic homograft in the pulmonary position throughout the study period and were also excluded from the analysis.
End points
Valve performance was evaluated using previously published criteria [10] . The primary end points were freedom from reintervention and structural valve degeneration (SVD; peak transpulmonary gradient > _50 mmHg or more than moderate PR). Secondary end points are given in Table 1 .
Covariates
Measured covariates included age, sex, height, weight, body surface area (BSA), valve size, z-score, prosthesis location (orthotopic or non-orthotopic), indication for surgery (PR, pulmonary stenosis and Ross procedure) and diagnosis. Orthotopic placement refers to placement of the valve within the native right ventricular outflow tract. The study was deemed low to negligible risk by the hospital's ethics committee, and consent was waived.
Statistical analysis
The homograft and bioprosthesis groups were first examined for differences in covariates, using v 2 statistics for categorical covariates (or the Fisher's exact tests for analyses with a cell count <10) and tstatistics for continuous covariates. Subsequently, the Kaplan-Meier curves and log-rank tests were used to compare time to SVD and freedom from reintervention separately between groups. The univariable Cox regression analysis was then used to calculate the unadjusted increased risk of SVD and reintervention in groups.
Next, propensity scores were used to balance the 2 treatment groups (i.e. homograft and bioprosthesis) according to a number of baseline covariates selected a priori, including age, weight, height, BSA at surgery, sex, prosthesis size (mm), prosthesis location (1 = orthotopic; 2 = non-orthotopic) and diagnosis [1 = tetralogy of Fallot (TOF), 2 = all other diagnoses]. As PR was the indication for all patients receiving a bioprosthesis, we reran the final analysis among only patients indicated for PR as a means of controlling for this variable.
The propensity score was estimated using a logistic regression model with 1:1 nearest neighbour matching without replacement based on an acceptable caliper width of 0.2 times the standard deviation of the logit of the propensity score. Balance diagnostics were then assessed by calculating the residual bias with values above 0.1 indicative of balance not having been achieved. Finally, the Cox regression analysis was used to calculate the increased risk of SVD and reintervention over the study period due to receiving a bioprosthesis among the sample of propensity score-matched pairs. The standard errors of these models were calculated with a clustered sandwich estimator to account for the lack of independence among the matched pairs. All analyses were undertaken in Stata version 14.2 (StataCorp LP, College Station, TX, USA).
RESULTS
Sample
Between 1 January 1995 and 31 December 2015, 209 consecutive patients aged 10-20 years who underwent PVR and met the study inclusion criteria were identified from the hospital databases. Twenty-one patients had no recorded height or weight at surgery in the surgical database, and their hospital records at the Prince Charles Hospital were destroyed. We were unable to obtain follow-up data on these 21 patients. Complete demographic and follow-up data were obtained on 188 patients. A bioprosthesis was implanted in 30.3% of patients (n = 57, 38 bovine, 19 porcine), and a pulmonary homograft was implanted in 69.7% of patients (n = 131). The bioprostheses implanted included 13 EPIC (porcine; St Jude Medical, Saint Paul, MN, USA), 5 Magna Ease (bovine; Edwards, Irvine, CA, USA) and 38 Trifecta (bovine, St Jude Medical) valves. Baseline characteristics including sex, age, BSA, weight, height and prosthesis size were similar between the homograft and bioprosthesis groups (mean of 24.3 mm and 24.0 mm, respectively; Table 1 ); 43.2% (n = 57) of homografts were placed in the non-orthotopic position when compared with 23.2% (n = 13) of bioprostheses (P < 0.05). PR was the indication for surgery in 78.8% (n = 104) of homografts when compared with 100% (n = 57) of bioprostheses (P < 0.05). The original diagnosis was TOF in 45.5% (n = 60) of homografts and in 60.7% (n = 34) of bioprostheses (P < 0.05; Tables 2 and 3 ). The median follow-up in the homograft group was 9.11 years when compared with 3.02 years in the bioprosthesis group (P < 0.001).
Primary end points
The end points of SVD and reintervention were not associated with the covariates such as sex, age, height, weight or BSA. Nonorthotopic prosthesis location and a diagnosis other than TOF were associated with SVD but not reintervention. Tables 2 and 3 indicate that a larger proportion of bioprosthesis patients received a prosthesis in the orthotopic position than homograft patients. Patients who experienced SVD were less likely to have received a prosthesis in the orthotopic position, whereas no relationship between reintervention and prosthesis location was observed. SVD was associated with a smaller mean prosthesis size of 23.3 mm when compared with a mean of 24.4 mm in those who did not develop SVD (Table 3) .
In the bioprosthesis group, 16.1% (n = 9) and 12.5% (n = 7) experienced SVD and reintervention within the study period, respectively. In the homograft group, 15.2% (n = 20) and 11.4% (n = 15) experienced SVD and reintervention, respectively. Figure 1A and B show the Kaplan-Meier curves for SVD and reintervention by prosthesis type. Graphical differences evident in the survival curves for SVD and reintervention were found to be statistically significant (P < 0.001 and P = 0.006, respectively).
The unadjusted Cox regression analysis among the full sample found that patients who received a bioprosthesis were at 5.64 (95% CI = 2.11, 15.07) times the risk of SVD and 3.89 (95% CI = 1.40, 10.82) times the risk of reintervention over the study period.
Subgroup analysis demonstrated no statistical difference in the performance of bovine and porcine bioprosthesis though there appears to be a trend towards better performance of the bovine bioprosthesis ( Fig. 2A and B) .
Accounting for confounding covariates using propensity score matching Propensity score matching resulted in a total of 45 pairs of patients (45 with each prosthesis type -total of 90 patients) with adequate balance achieved for all covariates included in the propensity score and a median residual bias of 0.045 (Table 4) . The Cox regression analysis performed on the propensity matched sample revealed that patients receiving a bioprosthesis were at almost 10 times the risk of experiencing SVD [hazard ratio (HR) = 9.18; 95% CI = 1.28, 65.64] and at more than 8 times the risk of undergoing a reintervention (HR = 8.34; 95% CI = 1.02, 67.86) during the study period. 
Secondary end points
Two deaths were recorded over the study period (homograft n = 1, bioprosthesis n = 1). No statistically significant differences were observed between the homograft and bioprosthesis groups for non-structural valve deterioration, thrombosis, embolism, endocarditis, valve-related mortality, sudden unexplained death, cardiac death, all-cause mortality, permanent valve-related impairment and major adverse valve-related events (Table 1) . 
DISCUSSION
Our study aimed to compare the long-term performance of pulmonary homografts and stented xenograft bioprosthetic valves in the pulmonary position in patients aged 10-20 years at the time of implantation. The unadjusted Cox regression analysis revealed that a bioprosthesis was associated with 5.64 times the risk of SVD and 3.89 times the risk of reintervention when compared with pulmonary homografts. This risk increased to 9.18 times for SVD and 8.34 times for reintervention when adjusted for covariates using propensity score matching.
Xenograft bioprosthetic valves (bovine pericardial or porcine) in the pulmonary position in adolescents and young adults
Kwak et al. [11] in their comparison of 63 Carpentier-Edwards bovine pericardial valves with 40 Hancock 2 porcine valves (mean age 12.8 years) noted a higher rate of failure in the bovine pericardial valve group with freedom from reoperation of 97%, 87% and 50% at 1, 3 and 5 years, respectively. The relatively poor performance of bioprosthetic valves in our series is similar, with freedom from SVD decreasing from 91% at 3 years to 53% at 5 years and freedom from reintervention decreasing from 93% at 3 years to 68% at 5 years. Lee et al. [12] in their series of 181 patients (mean age 14 years) reported freedom from reoperation of 93% and 51% and freedom from valve dysfunction of 92% and 20% at 5 and 10 years, respectively. Valve function was stable up to 5 years, but by 10 years, approximately 80% required reoperation or manifested with valve dysfunction. In the report from Chen et al. [7] involving 170 PVR patients (median follow-up 48 months), freedom from reintervention dropped from 94% at 5 years to 36% at 10 years. After 39 months of follow-up, SVD was significantly worse in patients who had undergone PVR at younger than 15 years with a significantly higher risk for reintervention (HR 19.54). Buchholz et al. [13] identified age <19 years as a risk factor with freedom from valve degeneration of 65% at 5 years and 40% at 10 years when compared with 95% and 80%, respectively, in patients older than 19 years.
In the largest published series to date, Nomoto et al. reported their experience with 611 bioprosthetic valves (median age 17.8 years; 50% <18 years). The risk of reintervention was approximately 5 times greater for children than adults. The reintervention rate rose from 8% at 5 years to 46% by 10 years. However, their analysis also included patients younger than 12 years who had significantly worse outcomes than older patients [14] .
Homografts in the pulmonary position in adolescents and young adults
In our study, pulmonary homografts demonstrated freedom from SVD of 92%, 85% and 82% at 5, 10 and 15 years, respectively. The freedom from reintervention was 93%, 88% and 85% at 5, 10 and 15 years, respectively. Similar findings have been reported by other investigators. Sarikouch et al. [15] reported 84.2% freedom from reintervention for cryopreserved homografts at 10 years (mean age 5.2 years). Boethig et al. [16] in their analysis of 188 homografts reported 83% freedom from reoperation at 10 years in patients over the age of 10 years. Forbess et al. [17] reported 5-year freedom from reintervention of 81% for cryopreserved homografts in children older than 10 years. Their study included a significant number of aortic homografts that were found to have accelerated degeneration in the cohort older than 10 years. Aortic homografts have previously been shown to have accelerated degeneration secondary to calcification in the pulmonary position and were excluded from our study [18] .
Comparison of homografts and bioprosthetic valves in the pulmonary position in adolescents and young adults
In our study, the performance of bioprosthetic valves and homografts was comparable within the first 3 years following implantation. By 5 years, homografts significantly outperformed bioprosthetic valves. Little published data are available directly comparing the performance of bioprosthetic valves with homografts in the pulmonary position in adolescents and young adults with only 1 study with sufficiently large numbers to permit a meaningful interpretation. Kanter et al. [19] reported the outcome of 100 PVRs (62 homografts and 38 porcine bioprosthetic valves) in 93 children. The mean age and valve size in the homograft group was 9.3 years and 21 mm, respectively, and the mean age and valve size in the porcine group was 11.4 years and 26 mm, respectively. No significant difference was observed between the 2 groups with respect to pulmonary stenosis. Severe PR was more common in the homograft group. At a mean follow-up of 5 years, a small but definite early reoperation rate was observed in the homograft group. In contrast, reoperation was not performed in the porcine group until 8 years after valve replacement. However, on closer examination of the data, the authors noted that all 7 children with a homograft who required replacement had the original pulmonary valve placed at the of age < _3 years. The freedom from reoperation at 8 years for children older than 3 years at the time of PVR with a homograft was 100%. In their cohort, the overall age was younger, and only 44% (n = 17 of 38) of patients in the bioprosthesis group received a stented bioprosthesis when compared with our own study.
Zubairi et al. [20] compared the performance of 56 cryopreserved pulmonary homografts with 113 heterografts. No difference in reoperation was observed among the 4 heterograft valve types and between homografts and heterografts with freedom of reoperation of 93% at 5 years and 71% at 10 years. The multivariate analysis identified younger age as a risk factor for early (<3 years) and late failure. Homografts were an independent risk factor for early failure. However, a higher proportion of children younger than 10 years received a homograft, and in children older than 10 years, no difference in reoperation was observed between homografts and heterografts.
We identified only 1 previous study with similar methodology to ours. Batlivala et al. [21] reported a retrospective, single-centre comparison in patients aged 10-21 years who underwent PVR from May 1990 to December 2009 (median follow-up 4.4 years): 84 cryopreserved homografts (aortic n = 50, pulmonary n = 34) and 170 bioprosthetic valves. At 5 years, freedom from moderate or severe pulmonary stenosis was 86% and freedom from moderate or severe PR was 84% with no difference between the 2 cohorts. Freedom from any reintervention was 90%, 67% and 47% at 3, 5 and 15 years, respectively. Freedom from PVR was 96%, 74% and 48% at 5, 10 and 15 years, respectively. The performance of bioprosthetic valves in their study mirrored the findings from our study. However, in contradistinction to our study, the authors found no difference between the homograft and bioprosthetic valve cohorts at all time points. The duration of follow-up was longer in our study (median 7.1 years vs 4.4 years). Additionally, the homograft group in this study contained 50 aortic homografts, which have previously been shown to deteriorate more rapidly in the pulmonary position [22] . Only 4 aortic homografts were available in our study population, and in the interest of consistency, we intentionally excluded them from the final analysis.
Bovine versus porcine bioprosthetic valves
Our subgroup analysis comparing the durability of bovine and porcine bioprosthesis demonstrated a trend towards higher reintervention rates in porcine valves. However, similar to other published reports, no statistically significant difference was observed in the performance of these 2 valve types [7] .
Limitations
Our findings must be interpreted in the light of several limitations. First, although we used propensity scores to match the comparison groups by important prognostic factors, this method was limited by the range of data collected, and our hospital records failed to account for factors such as donor homograft and recipient blood group compatibility. Second, patients receiving a bioprosthesis were more likely to have had their operations recently when compared with those receiving homografts resulting in unequal follow-up times and cohort effects by which bioprosthesis patients were likely to benefit from more recent advances in surgical and medical technologies. Importantly, however, both of these potential biases are likely to have attenuated our effect estimates, thus leaving our substantive conclusion unchanged. Third, the sample size among the bioprosthesis group is comparatively small as we approach 5 years. Finally, among the initial 209 participants, 21 were excluded from the analysis due to having no recorded height or weight at surgery. Although those lost to follow-up were more likely to be older, have valves inserted in an extra-anatomical position and were more likely to have a TOF diagnosis, having retained 90% of the sample, we believe it unlikely that this attrition would bias our results.
CONCLUSION
In our patient population, pulmonary homografts outperformed stented xenograft bioprosthetic valves when implanted in the pulmonary position in patients aged 10-20 years. The difference in performance was evident by 5 years. On the basis of these findings, we recommend the use of a pulmonary homograft for PVR in this age group in patients undergoing surgery for congenital heart disease.
